Several important classes of antifungal agents, including the azoles, act by blocking ergosterol biosynthesis. It was recently reported that the azoles cause massive disruption of the fungal vacuole in the prevalent human pathogen Candida albicans. This is significant because normal vacuolar function is required to support C. albicans pathogenicity. This study examined the impact of the morpholine antifungals, which inhibit later steps of ergosterol biosynthesis, on C. albicans vacuolar integrity. It was found that overexpression of either the ERG2 or ERG24 gene, encoding C-8 sterol isomerase or C-14 sterol reductase, respectively, suppressed C. albicans sensitivity to the morpholines. In addition, both erg2⌬/⌬ and erg24⌬/⌬ mutants were hypersensitive to the morpholines. These data are consistent with the antifungal activity of the morpholines depending upon the simultaneous inhibition of both Erg2p and Erg24p. The vacuoles within both erg2⌬/⌬ and erg24⌬/⌬ C. albicans strains exhibited an aberrant morphology and accumulated large quantities of the weak base quinacrine, indicating enhanced vacuolar acidification compared with that of control strains. Both erg mutants exhibited significant defects in polarized hyphal growth and were avirulent in a mouse model of disseminated candidiasis. Surprisingly, in a mouse model of vaginal candidiasis, both mutants colonized mice at high levels and induced a pathogenic response similar to that with the controls. Thus, while targeting Erg2p or Erg24p alone could provide a potentially efficacious therapy for disseminated candidiasis, it may not be an effective strategy to treat vaginal infections. The potential value of drugs targeting these enzymes as adjunctive therapies is discussed.
A variety of antifungal therapies act by blocking the biosynthesis of the membrane lipid ergosterol (1) . This includes the most important and widely used class of antifungal treatments, the azoles, which inhibit lanosterol demethylase (Erg11p) (2) . The resulting depletion of cellular ergosterol and accumulation of intermediate sterol species are both thought to cause plasma membrane dysfunction and ultimately lead to growth arrest. However, we recently reported that inhibition of Erg11p also causes massive disruption of the fungal vacuole in the human pathogen Candida albicans (3) . Furthermore, vacuolar fragmentation can be observed before significant growth inhibition and is thus an early consequence of azole treatment. Previous studies with the nonpathogenic yeast Saccharomyces cerevisiae also indicated that ergosterol is important for endocytic trafficking from the plasma membrane to the fungal vacuole (4) and to support homotypic vacuole-vacuole fusion in an in vitro biochemical assay (5) . Several S. cerevisiae ergosterol biosynthetic mutants are known to have an aberrant vacuole morphology (5, 6) , and it has been reported that the activity of the proton pump responsible for vacuolar acidification is also ergosterol dependent and therefore diminished in the presence of an azole antifungal (7) . These findings are important, as it is known that defects in vacuolar biogenesis and/or acidification can have a significant impact upon fungal growth as well as C. albicans pathogenicity (8) (9) (10) (11) (12) (13) . Indeed, Zhang et al. suggested that defective vacuolar acidification may in part underlie the antifungal efficacy of the azoles (7) ; however, it is presently unknown if drugs that target alternative steps of the ergosterol biosynthetic pathway also affect vacuolar integrity or function. Intriguingly, C. albicans mutants blocked in various vacuolar trafficking pathways are hypersensitive to antifungal drugs that inhibit several distinct steps of ergosterol biosynthesis, including the azoles (14, 15) , terbinafine, and the morpholines (3) . This further supports a crucial interrelationship between vacuolar biogenesis, the sterol biosynthetic pathway, and the antifungal efficacy of ergosterol biosynthesis inhibitors.
The primary purpose of the present study was to examine how the morpholine antifungals affect the functional integrity of the fungal vacuole in the pathogenic yeast C. albicans. To achieve this, we focused on the ERG2 and ERG24 genes, which encode C-8 sterol isomerase and C-14 sterol reductase, respectively, as these are the proposed targets of the morpholines (16) . The morpholines include the agriculturally important pesticides fenpropimorph and tridemorph. However, amorolfine is currently the only morpholine approved for medical use, as a topical treatment for fungal nail infections (1) . We therefore concurrently examined the validity of targeting either Erg2p or Erg24p as a strategy to resolve either mucosal or disseminated candidiasis.
MATERIALS AND METHODS
Growth conditions. C. albicans was routinely grown on yeast extractpeptone-dextrose (YPD) agar plates at 30°C, supplemented with 50 g ml Ϫ1 uridine when necessary. Selection of C. albicans transformants was carried out on minimal YNB medium (6.75 g liter Ϫ1 yeast nitrogen base without amino acids, 2% dextrose, 2% Bacto agar) supplemented with the appropriate auxotrophic requirements described for S. cerevisiae (17) or with 50 g ml Ϫ1 uridine. For growth curves, overnight cultures were subcultured into 20 ml fresh YPD or YNB broth to an optical density at 600 nm (OD 600 ) of 0.2 and then incubated at 30°C with shaking. The OD 600 was determined from samples taken hourly.
Plasmid construction. Plasmid pLUX (18) was kindly provided by William Fonzi (Georgetown University). Plasmids pKE1 (19) , pKE1-GFP-YPT72, and pKE1-CPP-GFP have been described previously (3) . All oligonucleotides used in this study are listed in Table S1 in the supplemental material.
To construct the expression vector pKE3, 673 bp of the C. albicans ENO1 promoter was amplified from strain SC5314 by use of primers ENO1prF2-KpnI and ENO1prR-SalI, digested with KpnI and SalI, and inserted between the same sites of pKE1 to replace the ACT1 promoter. To facilitate overexpression, the ERG1, ERG2, ERG11, and ERG24 open reading frames (ORFs) were amplified from SC5314 by using the ERG1ORFF/R, ERG2ORFF/R, ERG11ORFF/R, and ERG24ORFF/R primer pairs, respectively, and then each was cloned between the SalI and MluI sites of pKE3.
pLUX-ERG2 was made by PCR amplifying the ERG2 ORF, along with 650 bp of the 5=-untranslated region (5=UTR) and 241 bp of the 3=UTR, from strain SC5314 by use of the primers ERG2AMPF and ERG2AMPR, digesting the product with KpnI and SacI, and then cloning it between the same sites of the pLUX vector. An identical strategy was used to clone the ERG24 ORF, along with 760 bp of the 5=UTR and 379 bp of the 3=UTR, to form pLUX-ERG24. However, to facilitate the targeted integration of pLUX-ERG24 into the URA3 loci of C. albicans, it was necessary to remove an NheI site internal to the ERG24 ORF by site-directed mutagenesis. This was achieved by using a QuikChange kit (Promega) and the ERG24SDMF and ERG24SDMR primers. pKE1-UME6 was made by amplifying the UME6 ORF with primers UME6ORFF and UME6ORFR and cloning the product downstream of the ACT1 promoter, between the SalI and MluI sites of pKE1.
A C. albicans codon-adapted version of the Nano luciferase (Nluc) (20) coding sequence was produced with permission from Promega Corporation and synthesized by IDT DNA Technologies (see Table S2 in the supplemental material). To facilitate the expression of a cytoplasmic form of Nluc in C. albicans, the adapted Nluc coding sequence was amplified by PCR, using primers NLUCORFF-SalI and NLUCORFR-MluI, and cloned downstream of the ACT1 promoter of pKE1, between SalI and MluI sites, to form pKE1-NLUC. To express a vacuole-targeted version of Nluc in C. albicans, the coding sequence of the predicted C. albicans Cpy1p prepropeptide (codons 1 to 129) (21) was amplified by PCR from SC5314 genomic DNA by using the primers CPPORFF-SalI and CPPORFR-EagI and then cloned between the SalI and EagI restriction sites of the pKE1 expression vector (19) . The C. albicans-adapted Nluc coding sequence was then amplified by PCR, using primers NLUCORFF-EagI and NLUCORFR-MluI, and cloned in-frame and downstream of the CPY1 prepropeptide coding sequence, between EagI and MluI sites, to yield the CPY 1-129 -NLUC fusion construct pKE1-CPP-NLUC.
C. albicans strains. SC5314 has been described previously (22) , and CAI4 (23) was kindly provided by William Fonzi (Georgetown University). C. albicans was transformed with DNA constructs by using the lithium acetate procedure (24) . Gene deletion strains were constructed by the PCR-based approach described by Wilson et al. (25) , using the ura3⌬/⌬ his1⌬/⌬ arg4⌬/⌬ strain BWP17 (kindly provided by Aaron Mitchell, Carnegie Mellon University). Gene deletion cassettes were amplified with primer set ERG2DISF/ERG2DISR or ERG24DISF/ERG24DISR, using pRSARG4⌬SpeI (ARG4 marker) or pGEMHIS1 (HIS1 marker) as the template. To make erg2⌬/⌬ and erg24⌬/⌬ single-gene deletion strains, alleles were sequentially replaced with the HIS1 and ARG4 selection markers. Correct integration of either gene deletion cassette was confirmed at each step by diagnostic PCR, using primers HIS1INTR and ERG2AMPR or ERG24AMPR to detect integration of the HIS1 deletion cassette and primers ARG4INTR and ERG2AMPR or ERG24AMPR to detect integration of the ARG4 deletion cassette. The absence of either the ERG2 or ERG24 open reading frame following deletion of both alleles was confirmed by PCR, using primer pair ERG2DETF/ERG2DETR or ERG24DETF/ERG24DETR, respectively. Finally, a "wild-type" copy of ERG2 or ERG24, including 5=-and 3=-flanking sequences, was introduced into the respective gene deletion strains with pLUX-ERG2 or pLUX-ERG24 to produce prototrophic "reconstituted" strains. Isogenic gene deletion strains were produced by transforming the mutant strains with the pLUX vector alone. Each plasmid was digested with NheI to target integration into (and reconstitute) the URA3 loci, circumventing the welldocumented positional effects of URA3 integration (26) . Correct integration, and thus reconstitution, of the URA3 loci was confirmed by the presence of a 2.2-kb product following PCR amplification with primers LUXINTDETF and LUXDETINTR.
The following expression vectors were all introduced into ura3 Ϫ recipient strains following digestion with NheI: pKE1 (vector alone), pKE1-GFP-YPT72, pKE1-CPP-GFP, pKE1-NLUC, pKE1-CPP-NLUC, pKE1-UME6, pKE3 (vector alone), pKE3-ERG1, pKE3-ERG2, pKE3-ERG11, and pKE3-ERG24. Correct integration, and thus reconstitution, of the URA3 loci was confirmed by PCR with primer pair LUXINTDETF/R as described above.
Antifungal susceptibility testing. The relative susceptibilities of C. albicans strains to various antifungal agents were tested on YPD agar plates supplemented with either 1 or 5 g ml Ϫ1 fluconazole (Sigma-Aldrich), 0.05 or 0.01 g ml Ϫ1 fenpropimorph, 0.01 or 0.0025 g ml Ϫ1 amorolfine, 5 or 15 g ml Ϫ1 tridemorph, 1 or 5 g ml Ϫ1 terbinafine, or an equivalent volume of dimethyl sulfoxide (DMSO) solvent (no-drug control). Each C. albicans strain was grown overnight in YPD broth at 30°C, the cell density was adjusted to 10 7 ml Ϫ1 in sterile water, and serial 1:10 dilutions were performed in a 96-well plate. Cells were then applied to agar by use of a sterile multipronged applicator, incubated at 30°C, and imaged after either 24 or 48 h.
Stress phenotypes. C. albicans strains were grown overnight in YPD broth at 30°C, the cell density was adjusted to 10 7 ml Ϫ1 in sterile water, and serial 1:5 dilutions were performed in a 96-well plate. Cells were then applied to agar by use of a sterile multipronged applicator. Resistance to temperature stress was determined on YPD agar at 37 and 42°C; resistance to osmotic stress was determined on YPD agar plus 2.5 M glycerol; and resistance to ionic stress was determined on YPD plus 1 or 1.5 M NaCl and 100, 200, or 500 mM CaCl 2 . Sensitivity to metal ion stress was also tested on YPD agar supplemented with 50 M CuCl 2 , 50 M ZnCl 2 , and 10 mM MnCl 2 . Xenobiotic stresses included YPD agar plates supplemented with 1 nM rapamycin, 5 mM sodium vanadate, and 5 mM caffeine. Cell surface defects were examined on YPD agar plus 50 g ml Ϫ1 Congo red or 0.02% SDS. The ability to utilize nonfermentable carbon sources was tested on YPG agar (YPD agar with 3% glycerol in place of dextrose). Growth rates of mutant and control strains were also compared on unbuffered YNB agar as well as YNB agar buffered with 0.3 M MOPS (morpholinepropane-sulfonic acid) and pH adjusted to either 5.5, 7, or 8.5. Secreted protease activity was examined on bovine serum albumin (BSA)-yeast extract (YE) agar at 37°C (27) . Sensitivity to H 2 O 2 was determined in a 96-well platebased assay by examining growth in YPD medium supplemented with 0 to 12 mM H 2 O 2 after 24 h of incubation at 30°C.
Morphogenesis assays. Filamentous growth was assessed on M199 medium (pH 7.5) and 10% fetal bovine serum (FBS) agar (28) . Hyphal growth was also induced in liquid M199 or 10% FBS medium at 37°C, following inoculation of yeast at 10 6 cells ml Ϫ1 . After 180 min, samples were taken, immediately fixed with formalin, and examined microscopically. Filamentous growth was also stimulated by sandwiching C. albicans cells between two layers of YPS agar (29) . UME6-overexpressing strains were streaked onto YPD agar plates and incubated at 30°C, and colony morphologies were compared after 24 and 48 h.
Fluorescence microscopy to determine vacuole morphology. Vacuole morphology was determined using C. albicans strains expressing either the green fluorescent protein (GFP)-Ypt72p (8) or Cpy1 1-129 -GFP fusion protein.
In some experiments, cells were prelabeled with the dye FM4-64 to label the vacuolar membrane, as previously described (30) . To examine the effects of the morpholine compounds on vacuolar integrity, a GFP-Ypt72p-expressing strain was grown overnight in YNB broth at 30°C and then subcultured at 10 6 cells ml Ϫ1 into fresh YNB supplemented with either 1.56 g ml Ϫ1 amorolfine, 2 g ml Ϫ1 fenpropimorph, 2 g ml Ϫ1 tridemorph, or 0.5% DMSO (drug-free control). After incubation at 30°C for 6 h, cells were observed with a fluorescence microscope, using a 100ϫ objective and a fluorescein isothiocyanate (FITC) filter set to detect GFP fluorescence. Where appropriate, a tetramethyl rhodamine isocyanate (TRITC) filter set was also used to observe FM4-64. Matching phasecontrast and fluorescence images were acquired for each field. Where adjustments in the brightness and/or contrast of images were made, all images presented for a given time point/condition in each experiment were scaled identically to permit direct comparisons. Manders colocalization coefficients were calculated using ImageJ software.
Quinacrine accumulation assay. Labeling of the C. albicans vacuole with quinacrine was performed based on the method described by Baggett et al. (31) , with the following modifications. Quinacrine stocks (10 mM) were prepared in 1 M HEPES, pH 7.6. Cells were grown overnight in YPD broth at 30°C. Approximately 5 ϫ 10 7 cells of each strain were harvested in each of three microcentrifuge tubes (to provide triplicate measurements for each sample) and resuspended in 100 l of assay buffer (100 mM HEPES plus 2% glucose). Quinacrine was added to each sample, to a final concentration of 25 M; three identical samples in the absence of quinacrine were prepared for each strain to measure cell autofluorescence. A no-cell control containing assay buffer and 25 M quinacrine was also included. Samples were incubated for 5 min at room temperature in the dark and then pelleted in a microcentrifuge for 30 s, and the cells were then resuspended in 100 l of fresh assay buffer without quinacrine and placed on ice. One hundred microliters of each sample was then transferred to a black, flat-bottom 96-well plate. Fluorescence intensity (excitation, 490 nm; emission, 525 nm; 9-nm bandwidth) was then measured using a Cytation 5 Multi-Mode reader (BioTek). Background fluorescence from unlabeled cells and medium was subtracted, and the fluorescence intensity was normalized to the OD 600 of each sample and expressed in relative fluorescence units (RFU).
Mouse model of vaginal candidiasis. The animals used in this study were housed in AAALAC-approved facilities located at the School of Dentistry, LSU Health Sciences Center (LSUHSC). The LSUHSC Animal Care and Use Committee approved all animal use and protocols. Mice were given standard rodent chow and water ad libitum. Mice were monitored daily for signs of distress, including noticeable weight loss and lethargy. The murine model of Candida vaginitis has been reported extensively in the literature and was performed as described previously (32) . C57BL/6 mice were purchased from The Jackson Laboratory and housed in isolator cages mounted onto ventilated racks. Mice were administered 0.1 mg of estrogen (␤-estradiol 17-valerate; Sigma) dissolved in 0.1 ml of sesame oil subcutaneously 72 h prior to inoculation with C. albicans. Estrogen injections were administered weekly thereafter. Stationary-phase cultures of C. albicans isolates were washed three times in sterile, endotoxin-free phosphate-buffered saline (PBS) and resuspended in a 0.2ϫ volume of PBS. Cell suspensions were diluted, counted on a Neubauer hemocytometer, and adjusted to 2.5 ϫ 10 8 CFU ml Ϫ1 in sterile PBS. Estrogen-treated mice were inoculated intravaginally with 20 l of the standardized cell suspension, generating an inoculum size of 5 ϫ 10 6 blastoconidia. All animal experiments were conducted in duplicate, with 4 mice per group; all reported data are cumulative (n ϭ 8) for these independent experiments.
Analysis of vaginal lavage fluid. Groups of mice were briefly anesthetized by isoflurane administration and underwent vaginal lavage with 100 l PBS at days 7 and 10 postinoculation (p.i.). Recovered lavage fluids were kept on ice during processing. Lavage fluids were assayed for fungal burdens by making 10-fold serial dilutions in sterile PBS and plating the dilutions on YPD agar containing 50 g ml Ϫ1 chloramphenicol to inhibit bacterial overgrowth, using the drop-plate method as described previously (33) . Plates were allowed to dry and then incubated for 24 h at 37°C, and the resulting colonies were enumerated. The median number of CFU per milliliter per group is reported. Polymorphonuclear leukocytes (PMNs) in the vaginal lavage fluid were quantified by standard light microscopy, using the Papanicolaou staining technique ("Pap smear") as described previously (32) . PMN counts were averaged per field and are reported as the mean PMN count per group Ϯ the standard error of the mean (SEM).
Mouse model of hematogenously disseminated candidiasis. All procedures were approved by the Institutional Animal Care and Usage Committee of LSUHSC-New Orleans and complied with all relevant federal guidelines. C. albicans was grown overnight in YPD cultures at 30°C (200 rpm). Cells were washed twice in sterile PBS, and cell density was determined using a hemocytometer. Each strain was then diluted to 5 ϫ 10 6 cells ml Ϫ1 in sterile PBS. Each cell suspension (0.1 ml) was then inoculated into the lateral tail vein of BALB/c mice. Viable cell counts of each inoculum were confirmed by plating appropriate dilutions onto YPD agar plates and counting the number of colonies formed after 48 h. Mice were monitored for 14 days, and those showing distress were euthanized. Kaplan-Meier survival curves were plotted, and statistical significance was determined using the log rank test. Surviving mice were euthanized on day 14 postinoculation. The kidneys from each mouse were weighed and homogenized in PBS, and serial dilutions of the homogenates were plated on YPD agar. The number of colonies on each plate was counted after 48 h, and the number of CFU per gram of tissue was calculated.
Luciferase assays. C. albicans strains expressing either Nluc or the Cpy 1-129 -Nluc fusion protein were cultured overnight in YPD broth at 30°C. Two hundred microliters of each culture was then transferred to an Eppendorf tube, and the cells were pelleted using a microcentrifuge. The culture supernatant was then removed, and the cells were resuspended in 1 ml YNB broth and then further diluted 1:100 in YNB medium. Two hundred microliters of each cell suspension was then dispensed into the wells of a round-bottom 96-well plate. After 24 h of incubation in a 30°C standing incubator, the cells in each well were resuspended by mixing using a multichannel pipette. The plates were then centrifuged at 1,200 rpm in a benchtop centrifuge to pellet the cells. Fifty microliters of the culture supernatant was then transferred to a fresh, flat-bottom 96-well plate, and the amount of Nluc activity was determined using the Nano-Glo luciferase assay reagent (Promega Corporation) per the manufacturer's instructions. Luminescence in each well was then measured by using a BioTek Synergy MX plate reader. Growth in each well from the overnight incubation was also determined by measuring the OD 600 of samples diluted 1:10 in distilled water, using a separate flat-bottom 96-well plate, and each luminescence reading was normalized to the corresponding OD 600 reading.
RESULTS
The morpholine antifungals cause significant vacuolar disruption in C. albicans. Given the severe vacuolar defects we previously observed following azole-mediated inhibition of Erg11p (3), we examined if blocking ergosterol biosynthesis with the morpholine antifungals would also disrupt vacuolar integrity. This was conducted using a C. albicans strain expressing a GFP-Ypt72p fusion protein (8) . Ypt72p is a Rab GTPase that inserts into the outer leaflet of the vacuolar membrane via a lipid-modified C terminus. When cultured in the presence of either amorolfine, fenpropimorph, or tridemorph, cells exhibit a highly fragmented vacuolar structure ( Fig. 1 ) similar to that previously described for culture with fluconazole (3).
C. albicans erg2⌬/⌬ and erg24⌬/⌬ mutants have defective vacuolar morphology. The morpholines are reported to inhibit both C-8 sterol isomerase (Erg2p) and C-14 sterol reductase (Erg24p) (16) . This is supported by the fact that overexpression of either ERG2 or ERG24 reduced C. albicans susceptibility to both amorolfine and fenpropimorph ( Fig. 2A ) but not to fluconazole or terbinafine. In contrast to a previous report (34) , we found that the C. albicans erg24⌬/⌬ mutant was hypersensitive to amorolfine, fenpropimorph, and tridemorph (Fig. 2B) , while the erg2⌬/⌬ mutant was also sensitive to fenpropimorph. Our results are consistent with the finding that the loss of both ERG2 and ERG24 results in a synthetic lethal phenotype in S. cerevisiae (35) . This pattern of susceptibility also reflects the preferential inhibition of Erg2p over Erg24p by the morpholines, with the exception of fenpropimorph (34, 36) . In agreement with the previous study, we found that both the erg2⌬/⌬ and erg24⌬/⌬ mutants were highly sensitive to terbinafine ( Fig. 2B) . We also noted that the erg2⌬/⌬ mutant was 2-fold more resistant to amphotericin B, while both mutants were 2-to 4-fold more resistant to caspofungin than their isogenic control strains (see Fig. S1 in the supplemental material).
In order to determine if the vacuolar defects observed in the presence of the morpholines were the result of Erg2p and/or Erg24p inhibition, we examined vacuolar integrity in the erg2⌬/⌬ and erg24⌬/⌬ mutants by using GFP-Ypt72p. Each strain was colabeled with FM4-64, a lipophilic dye that binds to the plasma membrane and is internalized via endocytosis to label the vacuolar membrane (30) . This revealed that while many of the erg2⌬/⌬ mutant cells had apparently normal spherical vacuoles, about half of the cells had a multilamellar or densely clustered vacuolar structure not observed in the wild-type control (Fig. 3) . The defects were similar but more severe in the erg24⌬/⌬ mutant. Furthermore, while GFP-Ypt72p was tightly associated with the FM4-64labeled vacuolar membrane in the control strain, this association was slightly less avid in the erg2⌬/⌬ and erg24⌬/⌬ mutants. While the vacuolar fragmentation observed in these mutants resembled that in the presence of the morpholines, it was also somewhat less severe. This may suggest that simultaneous inhibition of both Erg2p and Erg24p exacerbates the vacuolar defects. erg2⌬/⌬ and erg24⌬/⌬ mutants share several stress phenotypes with vacuole-deficient mutants. Mutants deficient in vacuolar biogenesis or acidification exhibit a characteristic set of stress phenotypes, including sensitivity to osmotic, ionic, and pH stresses (37) . We therefore tested the two erg mutants for a variety of stress phenotypes that have been associated with vacuolar dysfunction. C. albicans mutants with severe defects in vacuole biogenesis have significantly reduced growth rates and are sensitive to an elevated growth temperature (38) . While both erg2⌬/⌬ and A GFP-Ypt72p-expressing strain of C. albicans was grown in YNB medium supplemented with either 1.56 g ml Ϫ1 amorolfine (AMF), 2 g ml Ϫ1 fenpropimorph (FENP), 2 g ml Ϫ1 tridemorph (TRID), or an equivalent amount of DMSO (0.5%; no-drug control) at 30°C. After 6 h, vacuolar morphology was examined using a fluorescence microscope. GFP images were acquired with an FITC filter set. PC, phase-contrast images. erg24⌬/⌬ mutant strains were viable, it was immediately apparent that the erg24⌬/⌬ mutant had a growth defect under routine culture conditions, as reported previously (34) . In YPD broth at 30°C, both the erg2⌬/⌬ and erg24⌬/⌬ mutants had reduced growth rates as determined by the OD 600 (see Fig. S2 in the supplemental material). Both mutants were also sensitive to growth with high concentrations of ionic or osmotically active substances, such as NaCl and glycerol (Fig. 4A) , with the erg24⌬/⌬ mutant being affected more severely than the erg2⌬/⌬ mutant.
Ergosterol is reported to be required to support the activity of the V-ATPase H ϩ pump responsible for vacuolar acidification (7) . Loss of V-ATPase activity is associated with a specific set of phenotypes, including reduced growth at or above pH 7, sensitivity to elevated concentrations of calcium and other metal ions, including zinc, an inability to utilize nonfermentable carbon sources, and hypersensitivity to oxidative stress (39) . Both erg mutants were less tolerant of alkaline growth conditions than the control strains ( Fig. 4B ) and were also less tolerant of elevated levels of manganese chloride. However, the erg mutants were not sensitive to zinc chloride, were able to grow on the nonfermentable carbon source glycerol, and were not sensitive to H 2 O 2 -induced oxidative stress (data not shown). Interestingly, the addition of 100 mM CaCl 2 to YPD agar plates seemed to inhibit the growth of both erg mutants. Paradoxically, and in contrast to what was previously reported by Jia et al. (34) , the addition of higher concentrations of CaCl 2 ameliorated this phenotype. Thus, the C. albicans erg2⌬/⌬ and erg24⌬/⌬ mutants did not exhibit the full complement of phenotypes characteristic of mutants deficient in V-ATPase activity. In addition, both erg mutants actually accumulated larger quantities of the weak base quinacrine within their vacuoles than that in the wild-type control strain ( Fig. 4C; see Fig. S3 in the supplemental material). Quinacrine freely passes through cellular membranes by passive diffusion, but it becomes protonated within acidic cellular compartments, enhancing its fluorescence and reducing its ability to permeate the membrane (31) . Thus, quinacrine accumulates within acidic compartments, primarily the fungal vacuole. As such, our data imply that both the erg2⌬/⌬ and erg24⌬/⌬ mutants have a more acidic vacuolar lumen than that of the control strains and that the V-ATPase function must thus be intact.
The erg24⌬/⌬ mutant and, to a lesser extent, the erg2⌬/⌬ mutant were sensitive to the cell wall binding agent Congo red, and both were extremely sensitive to the detergent SDS, indicating significant defects in cell wall composition and cell membrane integrity, respectively. While these phenotypes are expected for strains depleted of membrane ergosterol, they have also been observed for some vacuolar trafficking mutants (9) . Collectively, these results indicate a substantial but incomplete overlap between the stress tolerance phenotypes of the erg2⌬/⌬ and erg24⌬/⌬ mutants and those observed for vacuole-deficient C. albicans mutants.
C. albicans erg2⌬/⌬ and erg24⌬/⌬ mutants do not missort vacuolar carboxypeptidase Y. Abnormal vacuolar morphology can arise as a secondary consequence of membrane trafficking defects from the Golgi apparatus to the vacuole (40) . To determine how Golgi-vacuole trafficking is affected in the erg2⌬/⌬ and erg24⌬/⌬ mutants, we examined the localization of a Cpy1-GFP fusion protein (3). In S. cerevisiae, Cpy1p (carboxypeptidase Y) is synthesized with an N-terminal prepropeptide that directs its entry into the secretory network at the endoplasmic reticulum and its subsequent sorting to the vacuole via the Golgi apparatus and the late endosome (41, 42) . We therefore introduced a fusion be- albicans erg2⌬/⌬ and erg24⌬/⌬ mutants and the control strain CAI4. Each strain was then pulse-chase labeled with FM4-64, and cells were observed using a fluorescence microscope. For the merged images (right side), red shows FM4-64 staining, and green shows GFP staining. Bars ϭ 5 m. Colocalization coefficients for GFP colocalizing with FM4-64 were as follows: for the WT, 0.890 Ϯ 0.027; for the erg2⌬/⌬ mutant, 0.683 Ϯ 0.049; and for the erg24⌬/⌬ mutant, 0.748 Ϯ 0.046 (n ϭ 3 fields of view). tween the predicted prepropeptide coding sequence of C. albicans CPY1 and the GFP gene (CPY1 1-129 -GFP) (3) into mutant and control strains. Microscopic examination revealed that the majority of the GFP fusion was localized within the lumen of the FM4-64-labeled vacuoles in both control and mutant strains, and thus no gross defects in Cpy1 1-129 -GFP transport were apparent (see Fig. S4 in the supplemental material). In order to detect more subtle defects in vacuolar trafficking, we used a second, more sensitive reporter of Golgi-vacuole trafficking. In Saccharomyces, perturbation of Golgi-vacuole trafficking leads to missorting of a portion of Cpy1p into the secretory pathway, and Cpy1p activity can thus be detected within the culture supernatant (43, 44) . To detect Cpy1p missorting in C. albicans, we fused the C. albicans CPY1 prepropeptide coding sequence with a C. albicans-adapted Nano luciferase (Nluc; Promega Corporation) coding sequence. Nluc is reported to be over 100-fold brighter than other naturally occurring luciferase enzymes (20) and is therefore an extremely sensitive reporter. The CPY1 1-129 -NLUC expression construct was introduced into both erg mutants as well as a wild-type control strain, and the levels of Nluc activity in the cell-free culture supernatants were compared. Significantly more Cpy1 1-129 -Nluc activity was released into the culture supernatant by both erg mutants than by the wild-type control (Fig. 5A ). However, this differential was even more dramatic when a cytoplasmic form of Nluc was expressed ( Fig. 5B ), suggesting that the release of Cpy1 1-129 -Nluc is most likely a secondary consequence of cell lysis or increased the C. albicans mutant and control strains were prepared by serial dilution and then applied to YPD agar or YPD agar supplemented with the indicated compounds. Each agar plate was incubated at 30°C (except for the 37°C and 42°C plates indicated) and imaged after 48 h. The 2.5 M glycerol plate was imaged after 72 h. (B) Each strain was applied to YNB agar plates adjusted to the indicated pH, incubated at 30°C, and imaged after 48 h. (C) Intracellular accumulations of quinacrine were compared for the indicated C. albicans strains, using a 96-well plate-based assay. Following incubation in the presence of 25 M quinacrine, relative fluorescence was measured by using an excitation wavelength of 490 nm and an emission wavelength of 525 nm. Background fluorescence was determined for each strain by using identically treated cells in the absence of quinacrine and was subtracted to calculate the quinacrine-specific fluorescence. The vph1⌬/⌬ mutant was included as a control, as it lacks the vacuole-specific isoform of the V-ATPase subunit a. Each bar indicates the relative fluorescence for each strain, as the average for two independent experiments. Error bars indicate standard deviations. *, P Ͻ 0.05; **, P Ͻ 0.01. WT, strain SC5314. membrane permeability rather than a specific vacuolar trafficking defect. erg2⌬/⌬ and erg24⌬/⌬ mutants have severe defects in hyphal growth. During the transition from yeast to hyphal growth, the fungal vacuole undergoes a rapid and dynamic expansion to fill the subapical regions of the emerging germ tube (45, 46) . Furthermore, a number of C. albicans mutants with abnormal vacuoles are unable to form true hyphae. This is important because hyphal growth has been shown to make a major contribution to C. albicans pathogenicity (47, 48) . We therefore tested the ability of the erg2⌬/⌬ and erg24⌬/⌬ mutants to form hyphae under a variety of conditions, including on 10% FBS and M199 agar ( Fig. 6A; see Fig.  S5A in the supplemental material), as well as within YPS agar "sandwich" cultures (see Fig. S5B ). Neither mutant was able to produce significant filamentous growth under any of these conditions. We also compared the morphological forms produced at the cellular level following induction of hyphal growth in either liquid M199 or 10% FBS medium (Fig. 6B) . Again, both the erg2⌬/⌬ and erg24⌬/⌬ mutants had severe deficiencies in hyphal formation, with both mutants forming only short germ tubes, many of which appeared to revert to a budding mode of growth (yeast) from the hyphal tip. As viewed with the GFP-Ypt72p fusion protein, the vacuole morphology appeared to be highly fragmented in the erg2⌬/⌬ germ tubes as well as the parental yeast cells. In contrast, while only small GFP-labeled compartments were observed in the erg24⌬/⌬ germ tubes, large spherical vacuoles could be observed in the parent yeast cells. This suggested that neither the erg2⌬/⌬ nor erg24⌬/⌬ mutant was able to support the formation of the large tubular vacuoles normally observed in elongating C. albicans hyphae. Finally, we attempted to "force" hyphal growth through the overexpression of Ume6p, a transcription factor that activates and sustains hyphal growth (49) . However, Ume6p overexpression was not sufficient to suppress the hyphal growth defects of the erg2⌬/⌬ and erg24⌬/⌬ mutants (see Fig. S5C ). erg2⌬/⌬ and erg24⌬/⌬ mutants are pathogenic in a mouse model of vaginal but not disseminated candidiasis. Finally, we examined the pathogenicity of the erg2⌬/⌬ and erg24⌬/⌬ mutants in a mouse model of vaginal candidiasis. Surprisingly, both mu- and erg24⌬/⌬ mutants. (A) The predicted Cpy1p prepropeptide was fused to Nluc, and the resulting expression construct was introduced into the erg2⌬/⌬, erg24⌬/⌬, and wild-type (CAI4) strains. Each strain was then grown in YNB medium within 96-well plates, and the amount of Cpy1 1-129 -Nluc missorting into the culture supernatant was quantified. (B) To control for Nluc that may be released due to cell lysis or leakage across the plasma membrane, an equivalent construct expressing Nluc alone (cytoplasmic) was introduced into each strain, and Nluc release was determined as described above. Each bar and error bar indicates the mean and standard deviation for four separate isolates of each genotype. RLU, relative light units. To determine if the Nluc release from each mutant was significantly different from that of the WT, data were compared using the unpaired two-tailed t test with Welch's correction. *, P Ͻ 0.05; ****, P Ͻ 0.0001. FBS agar plates and incubated at 37°C for 4 days. (B) WT, erg2⌬/⌬, and erg24⌬/⌬ strains expressing the GFP-Ypt72p fusion were induced to form hyphae in M199 medium at 37°C for 3 h and then imaged using a fluorescence microscope (60ϫ). Merged bright-field and FITC images are shown. tant strains colonized the mice at higher densities than those of the control strains, as determined by CFU counts (Fig. 7A) . In addition, both mutants induced the characteristic PMN infiltration that has been associated with symptomatology, albeit at lower levels than those with the control strains ( Fig. 7B) (50) . Because PMN infiltration has been associated with C. albicans hyphal formation (32), we examined the cellular morphology of each strain from fixed aliquots of the lavage fluid. Hyphal elements could be discerned in the vaginal lavage fluid of mice infected with either deletion mutant (see Fig. S6 in the supplemental material); however, these were typically much shorter than those of the control strains.
The proficiency of the erg2⌬/⌬ and erg24⌬/⌬ mutants at colonizing the mouse vagina was unexpected given the severe growth, stress tolerance, and hyphal growth defects described above. In addition, a previous study determined that a C. albicans erg24⌬/⌬ mutant had substantially diminished virulence in a mouse model of disseminated infection (34) . We therefore examined the virulence of our erg2⌬/⌬ and erg24⌬/⌬ mutants in the mouse model of disseminated candidiasis. All mice infected with the mutant strains survived the duration of the experiment (14 days), while those infected with the control strains succumbed by day 8 (Fig.  8 ). Furthermore, the fungal burdens within the kidneys of the surviving mice were below the level of detection for 2 of the 5 erg2⌬/⌬ mutant-infected mice and 3 of the 5 erg24⌬/⌬ mutantinfected mice, and only very low levels of colonization were detected in the remaining animals. This confirms that both mutants are essentially avirulent in the disseminated model of candidiasis.
DISCUSSION
Vacuoles are typically thought to have a very low ergosterol content compared to the plasma membrane (51, 52) , yet several lines of evidence suggest that interfering with fungal sterol metabolism can have a profound impact upon the function of this organelle (5) (6) (7) . We recently reported that the azole-mediated inhibition of Erg11p caused massive disruption of the C. albicans vacuole. Here we extended that finding by showing that inhibition of the later steps of the ergosterol biosynthetic pathway by use of the morpholine class of antifungal drugs also causes substantial defects in vacuolar integrity.
Providing further evidence that the morpholine antifungals target both Erg2p and Erg24p in C. albicans, we found that overexpression of either protein could enhance C. albicans resistance to this class of compound. This result contrasts with the case for S. cerevisiae, in which overexpression of ERG24, but not ERG2, suppresses morpholine antifungal activity (53) . This may reflect a difference in the propensity of the morpholines to target the Erg2p and Erg24p enzymes of either species. In addition, we also found that a C. albicans erg24⌬/⌬ mutant is highly susceptible to fenpropimorph, amorolfine, and tridemorph. This conflicts with the previous report of Jia et al. (34) , whose erg24⌬/⌬ mutant was more resistant to morpholines than their control strain. One possible explanation for this discrepancy is the different nutritional requirements of the mutant versus control strains used in that study, whereas all of our strains were prototrophic. This is potentially significant, as it has been established for S. cerevisiae that ergosterol availability influences the trafficking, and thus activity, of various nutrient transporters at the cell surface, including uracil permease and a general amino acid transporter (54, 55) . Thus, the Survival curves were plotted for a 14-day period. This experiment was conducted only once, as the results are consistent with those previously reported by Jia et al. (34) . To determine the statistical significance of the different survival rates, the data sets for the groups of mice were compared to those for the SC5314 control group by using the log rank test. *, P ϭ 0.0039. consequences of inhibiting ergosterol biosynthesis may be exacerbated in strains with deficiencies in metabolite biosynthesis, such as the BWP17 control strain used in the study of Jia et al.
In S. cerevisiae, the loss of both ERG2 and ERG24 leads to a synthetic lethal phenotype (35) . Thus, our data are consistent with fenpropimorph acting upon both Erg2p and Erg24p, as the loss of either renders C. albicans hypersensitive to this agent. In contrast, we found that loss of ERG24, but not ERG2, leads to C. albicans hypersusceptibility to tridemorph and amorolfine, which supports previous evidence that tridemorph preferentially targets Erg2p over Erg24p (34, 36) . Although ergosterol biosynthesis is often viewed as a linear pathway, with Erg2p acting several steps downstream of Erg24p, collectively these data suggest that inhibiting multiple steps can lead to synergistic antifungal activity. Furthermore, the simplistic view of sterol biosynthesis as a linear sequence of biochemical reactions catalyzed by a specific order of enzymes grossly underrepresents the complexity of this pathway and may underestimate its potential for therapeutic exploitation.
Through deletion of either the ERG2 or ERG24 gene, we were able to determine how blocking either step in sterol biosynthesis affects vacuolar function in C. albicans. While both the erg2⌬/⌬ and erg24⌬/⌬ mutants have an abnormal vacuolar morphology, neither exhibits the strong vma phenotype characteristic of mutants defective in vacuolar acidification. Furthermore, both mutants hyperaccumulate the base quinacrine within the vacuole lumen, indicating a highly acidified vacuole. This could indicate that the V-ATPase proton pump is hyperactive in these mutants, and deregulation of V-ATPase activity could account for their inability to grow under alkaline conditions. Alternatively, increased vacuolar acidification could result from reduced activity of the H ϩdependent transporters that facilitate the sequestration of various metabolites and toxic substances within the vacuole (56) . This could account for the mutant's hypersensitivity to various metal ions and xenobiotics. Either way, these data indicate that the function or regulation of at least a subset of vacuolar membrane proteins is affected by its sterol composition.
During the course of this work, we noted that both the erg2⌬/⌬ and erg24⌬/⌬ C. albicans mutants had substantially less secreted protease activity in vitro than their isogenic controls (see Fig. S7 in the supplemental material), yet both mutants successfully exported a large quantity of a secreted form of the Nluc luciferase protein (unpublished results), demonstrating that they are secretion competent. One possible explanation for this apparent paradox is that the secreted aspartyl proteases of C. albicans are transported from the Golgi apparatus to the cell surface via the late endosomal prevacuolar compartment (PVC) (57), whereas the secreted luciferase is more likely transported directly from the Golgi apparatus to the cell surface. Thus, it is possible that the prevacuolar secretory pathway is selectively affected in the erg2⌬/⌬ and erg24⌬/⌬ mutants. Furthermore, the transport of vacuolar Cpy1p, which also occurs from the Golgi apparatus via the PVC, is unaffected, possibly suggesting that the primary membrane trafficking defects in the erg2⌬/⌬ and erg24⌬/⌬ mutants relate to the prevacuolar secretory pathway rather than to Golgi-to-vacuole or Golgi-to-plasma membrane transport. Our recent finding that a C. albicans vps21⌬/⌬ mutant with defects in membrane trafficking through the PVC is hypersensitive to the morpholine antifungals provides further evidence of a functional interaction between Erg2p and Erg24p activities and trafficking through this organelle (3) . It is also consistent with studies of S. cerevisiae, in which it has been shown that the transport of various proteins to the plasma membrane and their maintenance at the membrane, as well as their endocytic transport through the PVC on the way to the vacuole for degradation, are affected by the availability of ergosterol (4, 58, 59) .
Given their reduced growth rates, deficiencies in stress tolerance, reduced protease secretion, and impaired hyphal growth, we were anticipating that both the erg2⌬/⌬ and erg24⌬/⌬ mutants would be avirulent in vivo. This was further supported by the study of Jia et al. (34) , who reported that their erg24⌬/⌬ mutant caused substantially less mortality than the control in a mouse model of disseminated candidiasis. Accordingly, we found that both the erg2⌬/⌬ and erg24⌬/⌬ mutants were essentially avirulent in the mouse model of disseminated candidiasis. However, both mutants efficiently colonized mouse vaginal tissue, with CFU counts exceeding those of the isogenic control strains. While it is possible that the CFU counts for the mutant strains were artificially elevated due to their limited capacity to elaborate multicellular hyphal forms, this result is nonetheless surprising. While the magnitude of the host response as determined by PMN counts was lower than that of the control strains, our data suggest that either mutant may be competent to cause a symptomatic infection. Others have noted that mutants with virulence defects in the mouse disseminated model are apparently able to survive and colonize the mouse vagina (60) . This perhaps reflects the exquisite adaptation of C. albicans for survival upon the mucosal surface of the reproductive tract of mammals, and as such, this may be an environment that imposes little stress upon this fungus. Either way, these data suggest that ergosterol is less important for C. albicans survival within the vaginal environment. Thus, while targeting either the Erg2p or Erg24p enzyme could provide potentially efficacious therapies for treating disseminated fungal infections, these enzymes may not provide viable targets for treating vaginal candidiasis. Notably, the Erg24p enzyme acts immediately downstream of lanosterol demethylase, the target of fluconazole, which remains the preferred treatment for vaginal candidiasis (61) . Put in the context of the often recurrent nature of vaginal candidiasis (62), it may be important to ask if targeting ergosterol biosynthesis is an optimal strategy for treating women with recurrent vaginal candidiasis. Despite this, some yeast mutants lacking nonessential enzymes within the ergosterol biosynthetic pathway are highly susceptible to a wide variety of xenobiotics (63) . This was exemplified by the susceptibility of the C. albicans erg2⌬/⌬ and erg24⌬/⌬ mutants to terbinafine, vanadate, and rapamycin in this study and is most likely due to the increased fluidity and permeability of the mutant plasma membranes. Thus, while drugs that specifically target either Erg2p or Erg24p may not by themselves result in the preferred fungicidal outcome, they are likely to reduce the inherent virulence of the invading fungal pathogen and may greatly enhance the susceptibility of the pathogen to a wide range of antimicrobial compounds. Furthermore, as exemplified by the morpholine antifungals, drugs that simultaneously inhibit multiple steps of ergosterol biosynthesis may have greatly improved efficacy. As such, drugs that target either Erg2p or Erg24p may have great potential as adjunctive therapies.
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